A method was proposed for the simultaneous determination of trace cadmium and mercury by vapor generation nondispersive atomic fluorescence spectrometry using an intermittent flow system. The effects of the parameters on the performance were studied systematically. The parameters such as acid concentration of the reaction medium, flow rate of the carrier gas and shield gas, the observation height and the atomizer temperature, etc. which affected the sensitivity, were optimized. Ascorbic acid, cobalt ion and thiourea were used as enhancement reagents or masking agents to enhance the generation efficiency of the volatile species of Cd and Hg. The mechanisms of their effects on vapor generation were investigated. In the presence of thiourea and ascorbic acid, the influences of some coexisting elements on the determination of cadmium and mercury were investigated. The detection limits (3σ) were 0.010 µg l -1 for Cd and 0.019 µg l -1 for Hg, respectively. The relative standard deviations for Cd and Hg at 1.00 µg l -1 were 2.6% and 0.97% (n = 11), respectively. The proposed method has been satisfactorily applied to the determination of trace cadmium and mercury in Chinese herbal medicine.
Introduction
The determination of toxic metals of cadmium and mercury in trace amounts has received increasing attention concerning their environmental pollution.
It is meaningful to obtain concentrations for Cd and Hg simultaneously. However, the low levels to be determined in samples are demanding the use of a vapor generation (VG) technique or other means to increase the sensitivity for Cd and Hg determination. Mercury is recognized as being the only metal able to form a monatomic vapor at ambient temperature. This property has been widely used in many analytical techniques, particularly in atomic spectroscopy. [1] [2] [3] [4] [5] [6] In recent years, systems for the vapor generation of Cd have been developed. Cacho et al. 7 described the formation of a volatile species of cadmium by treating Cd 2+ solutions with NaBH4 in an organic medium of N,Ndimethylformamide (DMF). By the derivatization of cadmium with NaB(C2H5)4, D'Ulivo et al. 8 analyzed inorganic cadmium aqueous standards using AFS. Sanz-Medel et al. [9] [10] [11] showed that some types of volatile cadmium species, thought to be CdH2, 9 could be produced by the reduction of Cd 2+ with tetrahydroborate in the presence of a surfactant (DDAB). Guo et al. 12 greatly improved the generation of volatile species of Cd with thiourea and Co 2+ , and determined Cd by CV-AFS 12 and CV-AAS. 13 In the present work, a more highly sensitive method was developed for the simultaneous determination of trace Cd and Hg by non-dispersive AFS using an intermittent flow vapor generation technique. Ascorbic acid, as well as thiourea and cobalt ion, which improved the kinetic reaction constant of hydride generation was used to enhance the vapor generation efficiency of Cd and Hg. It was proposed that the metal borides played an important role in catalyzing the reaction of hydride generation. In addition, this work utilized an intermittent flow vapor generation system which had some unique advantages, including less cross contamination, minimum sample and reagent consumption, less liquid-phase interference and the ability to use exactly defined sample volumes. 14 The method established in this paper provides high sensitivity, accuracy and precision, and has been successfully applied to the simultaneous determination of trace cadmium and mercury in Chinese herbal medicine.
Experimental

Apparatus
A double-channel non-dispersive atomic fluorescence spectrometer, AFS-230 (manufactured by Beijing Haiguang Instrument Company, China), was used and controlled through a computer.
An intermittent flow vapor generation system was employed throughout this work. A schematic diagram of the system is shown in Fig. 1 . The working of the system can be programmed in several steps for each measurement, at every step the rotation rate and time of the two peristaltic pumps used in this work are listed in Table 1 .
Reagents
A standard stock solution of mercury (1000 mg l -1 ) was prepared by dissolving 1.3460 g of HgCl2 and diluting to 1000 ml with mixed acidic solutions containing 10% (v/v) HNO3 and 10% (v/v) H2SO4. A standard stock solution of cadmium (1000 mg l -1 ) was prepared by dissolving 1.1423 g of CdO in 20 ml of 5 mol l -1 HCl and diluting to 1000 ml with water. A mixed working solution (100 µg l -1 ) of Cd and Hg was prepared by two-stage aqueous dilutions of the stock solutions and prepared daily.
Potassium tetrahydroborate dissolved in 0.5% (m/v) potassium hydroxide solution was prepared freshly daily and stored in polyethylene bottles. All of the reagents used in this work were of analysis grade or higher purity. Doubly deionized water was used throughout.
Procedure
Approximately 1.0 g of powdered sample was accurately weighed and placed in a digester with 1 ml of sulfuric acid and 5 ml of nitric acid. Digestions were made under conventional pressure. The resultant solutions were transferred into 50 ml measuring flasks, followed by neutralization with a potassium hydroxide solution, and finally diluted to volume with water. The solutions for the determination were prepared by mixing 5.00 ml sample solutions with 5.00 ml of a 0.7 mol l -1 hydrochloric acid solution containing 1.0% (m/v) ascorbic acid, 10.0% (m/v) thiourea and 1.6 mg l -1 cobalt ion.
Vapor generation was carried out by mixing the solutions for determination with 2.0% KBH4 using an intermittent flow system (described above). The operating conditions of the instrument are presented in Table 2 . All of the measurements were performed under the recommended conditions.
Results and Discussion
Reacting acidity and KBH4 concentration for vapor generation
The influence of the HCl concentration in the reaction medium was investigated using 2% (m/v) KBH4 as a reducer. Figure 2 shows that the HCl concentration had a significant effect on the measurement of Cd, while having no pronounced effect on that of Hg. Presumably, this was due to the more positive standard electrode potential (0.854 V) and the lower vaporization heat (58.9 kJ mol -1 ) of Hg, 15 which made Hg vapor generate easily. The optimum HCl concentration that provided the highest relative signal for Cd was in the range of 0.3 -0.4 mol l -1 . It is necessary to point out that the optimum HCl concentration became higher with an increase in the KBH4 concentration. KBH4 was used as both a reducer and a hydrogen supplier, which was necessary to sustain the argon-hydrogen flame. A lower KBH4 concentration could give highest signal intensity for Hg. Although the signal intensity for Cd could be improved by using a higher KBH4 concentration, at the same time the flame noise also increased. In this work, a KBH4 concentration of 2.0% (m/v), which provided a good signal-to-noise ratio, was employed for the simultaneous measurement of Cd and Hg.
Effects of ascorbic acid, thiourea and cobalt ion on vapor generation
Cacho et al. 7 reported that the generation of Cd volatile species was facilitated by DDTC in an organic medium. Guo et al. 12 found that the addition of thiourea could, together with cobalt ion, greatly enhance the vapor generation efficiency of Cd. In this work, ascorbic acid, cobalt ion and thiourea were tested for the simultaneous determination of Cd and Hg. Figures 3 and 4 show that ascorbic acid, as well as thiourea and cobalt ion, can promote the vapor generation of both Cd and Hg. The complex agents of ascorbic acid, thiourea and DDTC presumably work in the same way. The mechanism for generating the Cd volatile compound is described by the following reaction: 9
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The metal complex compounds of ML can form a transient intermediate H···M···L with H * ("nascent" hydrogen), which will change the kinetic reaction constant and favor the generation of an M-H bond, i.e. metal hydride. Increasing the concentration of ascorbic acid will reduce M 2+ to M 0 , which does not produce hydride. It is different from Cd 0 that Hg 0 has a considerable solubility in aqueous solution, 16 and would be swept into the atomizer by hydrogen. Thus, as shown in Fig. 3 , the effect of ascorbic acid on Hg is less significant than that on Cd. The catalytic mechanism of Co 2+ is similar. In this work, the VIII group elements of Fe, Ni and especially Co (Fig. 5 ) were found to facilitate the vapor generation of Cd and Hg. Similarly, Bonilla et al. 17 described that the existence of cobalt and nickel obviously improved the sensitivity for Pb determination by HG-AAS. Brown et al. [18] [19] [20] [21] showed that the reaction between sodium borohydride and the ions of Fe, Co and Ni produced metal borides, the so-called Brown catalyst, 22 which provided a higher catalytic activity for hydrogenation reactions. [23] [24] [25] This suggests a mechanism for the improvement of Cd and Hg hydrides formation by metal borides. However, the less stable Hg hydride than CdH2 decomposes quickly to Hg 0 , which is carried by hydrogen out of solution.
The optimum concentrations of thiourea, ascorbic acid and cobalt ion, which give the maximum signal intensity, are respectively 2.0 -5.0% (m/v), 0.5 -2.0% (m/v) and 0.5 -1.2 mg l -1 for Cd; and 4.0 -5.0% (m/v), 0.25 -0.5% (m/v) and 0.2 -1.0 mg l -1 for Hg. In this work, 5% (m/v) thiourea, 0.5% (m/v) ascorbic acid and 0.8 mg l -1 cobalt ion were used. In addition, thiourea and ascorbic acid as masking reagents could reduce the interference of coexisting elements.
Atomizer temperature and observation height
The atomizer used was a quartz furnace in a shielding mode, which consisted of an inner tube and an outer shielding tube, heated by means of an externally wrapped resistance wire. Hydrogen and the vapor of Cd and Hg, which originated from the intermittent flow system, were swept into the inner tube by an argon carrier gas and atomized. Around the top of the quartz furnace outlet, there was a resistance wire, which made the gas mixture ignited at a very low furnace temperature. An influence of the atomizer temperature on the measurement was studied. Figure 6 shows the effect of the atomizer temperature on the signals of Cd and Hg. The unstable hydride of Cd could be atomized at a very low temperature while the monatomic Hg came into being before being swept out of the solutions. With the furnace temperature increasing, the signal intensity of both Cd and Hg decreased due to the vapor expansion and dilution at a higher temperature, thus, the noise levels increased due to the furnace radiation increasing; a lower temperature of 80˚C was selected.
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Carrier gas and shield gas
Pure argon was used as both the carrier gas and the shield gas. Various flow rates, which influenced the sensitivity and stability of the instrument, were tested in this study. The optimum flow rate of the carrier gas was found to be 600 -800 ml min -1 for Cd and 300 -500 ml min -1 for Hg. The carrier gas at too low a flow rate could not quickly sweep the vapor of the analyte into the inner tube of a quartz furnace, and at too high a flow rate would dilute the analyte introduced in the furnace tube. Presumably, the amounts of vapor generated were different for different analytes. Different flow rates of extraneous gas were required for completely carrying the different amounts of vapor analytes into atomizer, which led to a difference in the flow rates giving the highest signal intensity for Cd and Hg. The shield gas was used to prevent extraneous air from entering the flame. A flow rate of 900 -1000 ml min -1 for Cd and 900 -1100 ml min -1 for Hg gave the highest signal intensity. A compromised carrier gas of 600 ml min -1 and a shield gas of 900 ml min -1 were employed for the simultaneous determination of Cd and Hg.
Investigation of interference
If the determination procedure established is to have any practical utility, it is essential that it can tolerate the presence of pertinent ions. Thus, the influences of common interferents on the signals of 1.00 µg l -1 Cd and Hg standard were investigated. The tolerance limits (mg l -1 ), defined as interferent concentration reducing the analyte signal by 10%, 26 are presented as follows: Ca, Mg (1000); Fe, Zn (10); Cr, Te (2); Co (1.5); Ni, Hg (1); Sn, As (0.5); Se (0.3); Bi, Cu (0.1) and Pb (0.05) for Cd. Ca, Mg (1000); Ni, Fe (50); Zn (30); Sn, As, Cu (10); Se (7) ; Cr, Bi (5); Pb (4); Te (3); Co, Ag (1) and Cd (0.5) for Hg. The evaluation of interference demonstrated that the ions present in the majority of cases in samples influenced the measurement of Cd and Hg to an acceptable extent. The interference with Cd from Pb could be eliminated by the coprecipitators of K2SO4 and BaCl2. 12 
Calibration curves and linear ranges
Calibration curves for the simultaneous measurement were established from standard solutions prepared from the working solution.
The calibration curves were linear up to a concentration of 50.0 µg l -1 for Cd and 30.0 µg l -1 for Hg, respectively. The regression equations in the calibration curve were If = 235.9C + 13.5 (r = 0.9996) for Cd and If = 313.0C -15.1 (r = 0.9994) for Hg.
Detection limit and precision
The limit of determination was set at three-times the standard deviation of the blank. Under the optimized conditions, the detection limits (3σ) of 0.010 µg l -1 for Cd and 0.019 µg l -1 for Hg were obtained by eleven determinations of the blank. The relative standard deviations (RSDs), based on eleven determinations of 1.00 µg l -1 standard of Cd and Hg, were 2.6% for Cd and 0.97% for Hg, respectively.
Sample analysis
The proposed method was applied to the simultaneous determination of Cd and Hg in some samples of Chinese herbal medicine. In the case of the standard addition method, five 0.50 ml of standard solutions made from a mixed working standard by stepwise dilution were added to the 25 ml of the sample solution. On account of the absence of a certified reference material, graphite furnace atomic absorption spectrometry and cold vapor atomic absorption spectrometry were used as the reference method for the method validation of Cd and Hg, respectively. Five parallel measurements (n = 5) were made everywhere. The analytical results are presented in Table 3 . Ftest showed that no statistically significant difference at 95% confidence level was found between the two methods. Additionally, the accuracy of the method was evaluated by recovery experiments carried out using samples spiked with known concentrations of Cd and Hg.
Conclusion
Hydride generation atomic fluorescence spectrometry (HG-AFS) has been used for the determination of hydride-forming elements because of its high sensitivity, simplicity, and low costs, but most of such work has been concentrated on single element analysis. The method established in this paper provides high sensitivity, accuracy, precision and the merits of simultaneously determining the toxic elements of Cd and Hg by one measurement. The necessity of employing different methods for measuring Cd and Hg in the same sample can be avoided. Consequently it is rapid, simple and inexpensive. 
